Directional magnetoelectric (ME) effect was found in multi-electrode PZT/Ni cylindrical layered ME composite with external magnetic field applied perpendicular to the cylinder axis. The composite with the radially polarized PZT ring was electroplated with four Ni arc layers. Both the ME voltage coefficient and the corresponding phase suggest that the ME effect is omni-directional around the fundamental extensional mode of the PZT ring and directional around the third extensional mode with different magnetic field orientation. ME sensor with this compact structure can be used to determine the magnetic field orientation by measuring the ME voltage amplitude and the corresponding phase.
Introduction
Magnetolectric (ME) effect is defined as the influence of magnetic (electric) field on the polarization (magnetization) of a material. In a composite consisting of magnetostrictive and piezoelectric phases, the ME effect is a product property [1] . Multi-phase ME composites exhibit giant ME effect at room temperature with great design flexibility, which is lacking in single phase ME materials. Laminated ME composites show the strongest ME effect and have been extensively studied, having promising applications in sensors, phase shifters, transducers, filters and so on [2] [3] [4] [5] [6] [7] . In such laminates the ME coupling is realized by the strain transfer across the interface between the piezoelectric and magnetostrictive phases. Therefore, laminate vibration modes and corresponding strain distribution determine the ME effect [8] . ME laminates with different shapes and configurations have been made. They have different vibration modes, such as bending and radial vibration in disk laminates [9] , bending and longitudinal vibration in rectangular composites and torsion vibration in other structures [10] [11] [12] [13] . It has been demonstrated that Ni/PZT and Ni/PZT/Ni cylindrical ME laminates made by electroplating have giant ME coupling with radial and axial vibration modes [14, 15] . Since ME laminate vibrations are induced by the applied magnetic field, the ME effect is influenced by both the direction and the strength of the magnetic field. For ME laminates applications, especially in magnetic field sensors, the field-directiondependent ME effect is crucial to treat uncertain magnetic field vector. A few studies have reported anisotropic ME effects in response to magnetic field direction. ME anisotropy results from the piezoelectric, magnetostrictive and/or shape anisotropy [16] [17] [18] [19] . However, the investigated ME coefficients are averaged over the whole surface of piezoelectric layer and only a few studies have considered anisotropic ME effects at different positions of the piezoelectric layer.
Moreover, the ME coefficient has been proven to be a complex quantity, resulting from the ME loss, which includes electromechanical, magneto-mechanical and interfacial losses between the piezoelectric and magnetostrictive layers [8, 12, 20, 21] . The phase delay of the ME voltage output with respect to externally applied magnetic field originates from the energy transfer efficiency loss in ME composites. Thus, the ME coefficient phase also reflects the ME characteristics.
In this work the ME voltage coefficient and the corresponding phase of the multi-electrode Pb(Zr,Ti)O 3 /Ni cylindrical composite in the vertical mode were investigated. The structure consists of an intact PZT ring and four Ni arcs on the inside PZT surfaces. Various vibration modes result in the ME effects of the four arcs having different relationship with the applied magnetic field orientation. The ME coefficient phase showed directionality in high order vibration modes, which is helpful to design ME sensors.
Experimental
The multi-electrode Pb(Zr,Ti)O 3 /Ni cylindrical layered composite, shown schematically in Fig. 1 , was prepared by electroplating. The PZT-5H ceramic ring with the dimensions of Φ25 × Φ23 × 10 mm 3 was radially polarized. The Ni electrodes on both the inside and outside PZT ring surfaces were equally spaced. They were separated by narrow gaps along the cylinder axis to electrically isolate the electrodes. Four Ni The Ni electroplating bath composition and conditions are described elsewhere [14] . Four ME measurement units (units 1, 2, 3 and 4) are labeled in Fig. 1a . The ME characterization was performed in the ME measurement system, where a DC bias magnetic field (H DC ) superimposed with a collinear alternating (δH) magnetic field was applied perpendicular to the cylinder axis (vertical mode). Considering the non-rotational symmetry of the composite, two different measurements were performed with the external magnetic field H applied along the perpendicular bisector C of unit 1 and at an angle θ with respect to C, as shown in Fig. 1b . The ME voltage coefficient was calculated as α E,V = δV / (t PZT · δH), where t PZT is the PZT thickness and δH is the amplitude of the AC magnetic field generated by the Helmholtz coils. The phase φ between the output ME voltage and the sinusoidal AC magnetic field δH were recorded simultaneously.
Results and discussion
Fig . 2a shows the external magnetic field frequency dependence of α E,V and φ for the unit 1 within the 1 kHz to 120 kHz range, while Fig.  2b shows the frequency dependence of α E,V and φ for each of the four units at two resonance regions when θ = 0°. The DC bias magnetic field H DC = 110 Oe was applied during all measurements. For units 2, 3 and 4, there are two resonance peaks for the ME voltage coefficient, similar to the unit 1. There is a significant phase shift around each resonance frequency. In previous report of the axial mode, two resonance α E, A peaks of each unit appear at 42 kHz and 59.3 kHz [22] . Here in the vertical mode, the two peaks appear at 42 kHz and 93.7 kHz. The resonance α E,A peaks are near electromechanical anti-resonance frequency (f a ) of the piezoelectric layer [23] . Note that f a of the radial vibration mode was provided by the manufacturer for the PZT ring as 38.5 kHz. It is quite likely that the first α E,A peak at 42 kHz is associated with the radial extensional vibration mode of the composite. The three resonance frequencies of 42 kHz, 59.3 kHz and 93.7 kHz are related. In fact, the two higher frequencies have the following relations with the lowest frequency: 59:3 kHz=42 kHz≈ ffiffiffi 2 p and 93:7 kHz=42 kHz≈ ffiffiffi 5 p . Moreover, for a short and thin-walled ring, the n th extensional mode has a reso-
, where f 0 is the resonance frequency of the fundamental extensional mode with the mode number n = 0 [24, 25] . Based on this, the first peak at 42 kHz corresponds to the fundamental extensional mode, while the second peak in the vertical mode corresponds to the third extensional mode with n = 2.
As seen in Fig. 2b on the expanded frequency scale, the four units at the two peaks have almost the same ME voltage coefficients α E,V and the curves almost overlap with each other. For all resonance peaks, the phase shifts are all nearly 180°, consistent with previous reports [9, 12] . The curves for the phase φ around the first peaks also coincide. However, it is not the case around the second peaks, i.e. the curves are divided into two superimposed groups. The two groups are units 1 and 3, and units 2 and 4, while the phase difference between them is close to 180°. Since the ME effect is related to the vibration modes and the corresponding strain distribution, the ME voltage shows the same symmetry with the strain of the piezoelectric layer, especially at the resonance frequencies [26] . Then the α E,V phase depends on the phase of the PZT ring strain. When the PZT ring vibrates in the fundamental extensional mode, the radial extensional strain is in phase at all circumferential locations. Therefore, the ME effect is omni-directional in the whole PZT ring and the four units exhibit equivalent ME effect with almost the same α E,V and φ at the first peak. In the case of θ = 0°, the magnetostrictive strain strongly depends on the change of the magnetization component perpendicular to the sensing field [27] . The strain transferred to the piezoelectric phase of units 1 and 3 differs from that of units 2 and 4 as a result of different magnetization in the Ni layers. Similar to the electric field voltage distribution exciting the third extensional mode of the piezoelectric ceramic ring [24, 25] , the third extensional mode of the PZT ring can be activated. Since the ring vibrates in the third extensional mode, there are four longitudinal nodal lines with zero displacement. Radial strain is harmonic in the azimuth angle in the horizontal plane perpendicular to the cylinder axis. Thus, the ME effect is periodic with respect to the angle, and the opposite units have equivalent ME effect, while the adjacent units have equal amplitude, but inverse phase ME effect at the second peak.
To further investigate the relevance of the ME effect in different units, the four units were electrically connected in series sequentially, as shown in Fig. 2c . Around the first peak, α E,A increases multiplicatively, while φ for all connections shares the same characteristics. It confirms that at the first peak the ME effect is circumferentially uniform due to the fundamental radial extensional mode. This means that the electrodes can be divided further as proposed in this paper. Arc electrodes on a single PZT ring connected in series can improve the ME voltage output of the compact structure. Not surprisingly, both α E,V and φ vary for different connection types around the second peak. When the opposite units 1 and 3 are connected in series, α E,A increases nearly twice due to the similar phases of the two units. The peaks of α E,A disappear for units 1 and 2 connected in series and for the four units connected in series, while α E,A remains the same as unit 1 for units 1, 2 and 3 connected in series. Meanwhile, φ for the units 1, 2 and 3, and units 1 and 3 connected in series overlap with the unit 1. The phase shifts for the units 1 and 2 connected in series and all the four units connected in series are approximately 90°rather than 180°. This indicates that the ME voltages of the adjacent units around the second resonance mode will cancel each other when connected in series. Less than 180°phase shift shows that there is still ME loss, since vibration does not vanish with different circuit connections. It is worth noting that the inverse phases reflect the magnetic field orientation.
The α E,V and φ frequency dependence with H DC = 110 Oe is presented in Fig. 3 for various θ angles of the magnetic field H with respect to the perpendicular bisector C of the unit 1. At the first peak, both α E,V and φ for different θ share almost the same characteristics as different units with θ = 0°, as discussed previously. Thus, the ME effect around the fundamental extensional mode of the PZT ring has no dependence on the magnetic field orientation. This is mainly due to the total effective magnetization of the four units barely changing during the ring rotation. At the second resonance peak, the maximum α E,V decreases until θ = 45°and then increases as θ changes from that for = 0°to 90°, while the phase shifts are all near 180°. The α E,V almost vanishes at θ = 45°, since the strain transferred to the PZT ring is equivalent in the four units and the third extensional mode cannot be excited. The maximum α E,V for θ = 30°and 60°is smaller than that for θ = 0°and 90°, since the gaps between the electrodes cause somewhat different strain transferred to the PZT ring, and a small component of the third extensional mode can be excited. Actually, the vanishing α E,V peak with nearly 180°phase shift of the unit 1 around 59.3 kHz in Fig. 1a indicates that the second extensional vibration mode is not excited in the vertical mode. For θ = 0°or 90°, the strain difference reaches the maximum and the third extensional mode can be fully excited, so the α E,V is the highest. The curves of φ also vary with increasing θ. The phase difference is small between θ = 0°and 30°. However, the phase changes nearly 180°when θ increases to 45°, 60°and 90°. The shifts between the three curves are evident in Fig. 3 . Hence, the ME effect for the unit 1 shows directionality with the magnetic field in terms of both α E,V and the phase around the third extensional mode. By measuring both α E,V and φ of the four units around the third extensional mode, the orientation of the magnetic field can be determined. With further research into the dependence of the ME effect on the angle between the external AC and DC magnetic fields, one could design a single-axis magnetic field sensor. For spatial magnetic field detection, one could integrate a three-axis sensor unit, where the sensors are orthogonal to each other [11] .
Conclusions
Multi-electrode PZT/Ni cylindrical layered ME composite was electroplated with four Ni arc layers on the radially polarized PZT ring. The vertical ME measurements of both the ME voltage coefficient and the corresponding phase show that the ME effect is omni-directional around the fundamental extensional mode of the PZT ring and directional around the third extensional mode with different magnetic field orientation. The directionality in both the amplitude and the phase of the ME voltage is helpful to determine the direction of the magnetic field in the ME sensor using this compact ME composite structure. Fig. 3 . Unit 1 frequency dependence of the ME voltage coefficient α E,V and the phase φ for θ = 0°, 30°, 45°, 60°, and 90°with H DC = 110 Oe.
